classified on the basis of their use for population-based testing and the prevalence of the disease or condition being tested. The GeneTests database divides the tests into two groups: those offered for clinical use and those available for research only. Results: Of the 423 clinical tests, 51 had potentially greater impact on public health because of their use in statewide newborn screening programs, other population screening programs, or testing for common diseases with a prevalence over 1 in 2,000 people. Among the 328 tests performed for research purposes only, 18 met the criteria for potentially greater public health impact. Conclusions: Our classification scheme indicated that fewer than 10% of the genetic tests listed in the GeneTests database at the end of 2000 are highly relevant to public health. The majority of genetic tests are used in diagnosis and/or genetic counseling for rare, single-gene disorders in a limited number of people. However, as more tests are being considered for newborn screening, and associations between genes and common diseases are being discovered, the impact of genetic testing on public health is likely to increase. Genet Med 2001:3(6):405-410.
With the Human Genome Project near completion, it is estimated that there are approximately 35,000 human genes. 1 More than 9,300 of these genes have been discovered, and for many, the gene locus, allelic variants, function, and some disease associations have been described. 2 The discovery of new genes and the rapid commercialization of genetic technology will lead to the development of an increasing number of tests that detect genetic variation. Genetic tests for more than 400 diseases and conditions are currently available in clinical practice and many more are being developed in research settings. 3 Despite claims that genomic medicine will revolutionize clinical practice, 4 some health professionals have argued that the discovery of genes and their association with disease will have limited application to clinical medicine and public health. 5, 6 The basis of this argument is that common complex diseases such as cancers and cardiovascular disease result from interactions between many low-penetrant genes and environmental factors that limit the ability to test individuals for genetic susceptibility and to tailor interventions. However, tests that detect genetic variants, such as those that predispose to familial adenomatous polyposis and hereditary nonpolyposis colorectal cancer, when used appropriately, can reduce morbidity and mortality. 7, 8 Furthermore, as our understanding of gene-gene and gene-environment interactions increases, genetics will become an integral part of most, if not all, areas of medicine.
The increasing use of genetic tests necessitates establishing criteria for evaluating the benefits and risks of genetic tests and for assessing the effectiveness of each test in promoting health and preventing disease. In 1998, the Secretary's Advisory Committee on Genetic Testing (SACGT) was formed to address the medical, ethical, legal, and social issues raised by the development and use of genetic tests and to make recommendations for enhancing the oversight of genetic tests. The SACGT recommended that all new genetic tests that have moved beyond the basic research phase be reviewed to assess their benefits and risks and that the level of review be appropriate for different categories of genetic tests. To ensure that a genetic test receives the appropriate level of review, a classification scheme was proposed to divide tests into two scrutiny levels using three criteria: the analytic validity, use for population screening, and the prevalence of the disease to be tested. 9 The purpose of our study was to evaluate the potential public health impact of genetic tests available for clinical, research, and public health purposes. We developed a clas-sification scheme similar to the SACGT scheme and grouped tests according to whether the test is used for population screening and the prevalence of the disease or condition being tested. We also wanted to determine whether these two criteria were sufficient for identifying tests likely to have significant public health impact or whether additional criteria should be considered. Establishing the extent of the use of genetic tests for clinical and public health purposes now before they become more common will provide a baseline for monitoring the impact of genetic tests in the future.
METHODS
We obtained the list of genetic tests used for this study from GeneTests (www.genetests.org). 3 GeneTests (formerly called Helix) is a Web-accessible database that lists laboratories that offer genetic testing, both within the United States and elsewhere. 10 Laboratory participation in GeneTests is voluntary.
GeneTests defines a genetic test as the "analysis of human DNA, RNA, chromosomes, proteins, or certain metabolites to detect alterations related to a heritable disorder. This determination can be accomplished by directly examining the DNA or RNA that makes up a gene (direct testing), looking at markers coinherited with a disease-causing gene (linkage testing), assaying certain metabolites (biochemical testing), or examining the chromosomes (cytogenetic testing)." 3 The GeneTests database includes inherited diseases or conditions ranging from diseases due to highly penetrant genes like Huntington disease to diseases where the pattern of inheritance is not as clear but there are known genetic susceptibilities, as with schizophrenia, for example. The database is organized by disease or condition and includes information on the gene(s) associated with the condition (if known), the laboratories that offer the testing, the type of test performed, and whether the test is offered for use in clinical practice or for research purposes only. At the time we prepared a database for our analysis (November 2000), 751 diseases were listed in the GeneTests database. In addition to the information about associated gene(s) and test purpose (research or clinical), we compiled information about the prevalence of the diseases, if known, and the mode of inheritance (e.g., autosomal recessive, autosomal dominant, X-linked). Information about the mode of inheritance and disease prevalence were obtained from On-Line Mendelian Inheritance in Man (OMIM) 2 and various sources, including published studies, text books, on-line pediatric databases, and GeneClinics (www.geneclinics.org). 11 We also noted the intended use or settings for the tests (diagnosis, carrier screening, newborn screening, and prenatal diagnosis) and unique considerations that could affect the assessment of public health impact such as disease severity, mortality, age of onset, treatment availability, and special social concerns.
We then used two criteria to group the diseases and conditions into those for which genetic testing would have more public health impact (based on the number of people who could potentially be tested) and those for which it would have less. The first criterion was whether the test is used for population-based screening. Population-based screening is defined as testing individuals who belong to a population-defined subgroup (e.g., age, race/ethnicity) and who have no clinical signs of disease. This type of testing includes newborn screening for diseases such as phenylketonuria (PKU) and population-based carrier screening for diseases such as cystic fibrosis. Predictive testing of people who are presymptomatic but are known to be at risk because of family history, as with Huntington disease, is not considered population-based testing. The second criterion was whether the disease is common or rare. Different cut-off levels have been suggested for defining what is rare and common (SACGT used a prevalence of Ͻ1/2,000 or an incidence of Ͻ1/10,000 to define rare in its classification scheme). 9 We used a prevalence of Ͻ1/2,000 to define the rare diseases or conditions. Because we were interested in the number of people who could potentially be tested, we considered the prevalence for the disease as a whole, not just the proportion that is familial. For example, we considered the prevalence of breast cancer, not just hereditary breast cancer. Although practice guidelines specify criteria for testing based on family history and other factors, these guidelines are not always followed carefully and potential exists for more widespread testing.
When a genetic test was used for different purposes, for example, the same test was used for diagnosing disease in a person with clinical symptoms and for population-based carrier testing, the disease was classified at the higher level of potential public health impact. We also compiled a separate list of the tests that were currently listed as research, but could potentially transition into clinical use soon and would affect public health.
RESULTS
Of the 751 tests we evaluated, 423 (56%) were identified by GeneTests as being offered for use in clinical practice and 328 (44%) were identified as being available for research purposes only. Among the 423 clinical tests, we classified 51 as having more public health impact (defined by the number of people who could potentially be tested). This finding represents 12% of tests available for clinical use. The tests classified as having potentially more public health impact are divided into three groups: those used for newborn screening (19 tests), those used for other population screening (9 tests), and genetic tests for common diseases (23 tests) (Tables 1-3) . Table 4 lists the 18 diseases for which genetic testing is currently being performed for research purposes only (as of November 2000), but tests for these diseases would meet the criteria for potentially more public health impact if used in clinical practice. If all of the tests were considered regardless of their use for clinical or research purposes, 10% of the tests in Table 2 Inherited diseases with genetic tests used in clinical practice that were classified as having more public health impact: Other population screening 
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the GeneTest database would be classified as having potentially greater public health impact.
DISCUSSION
At the end of the 20th century, most of the genetic tests offered for use in clinical practice are for rare single-gene disorders in people who present with clinical symptoms or who have family histories of genetic diseases. A much smaller proportion of genetic tests (6%) are used for population-based screening, such as state newborn screening programs and carrier testing targeted at ethnic groups at high risk for selected diseases. A similarly small proportion of genetic tests (5%) are being used for common complex diseases such as cancer and cardiovascular conditions. A look at the diseases for which genetic tests are being developed in research settings reveals, however, that tests for additional common conditions are likely to become more prevalent.
Our study was limited in that we considered only genetic tests that are included in the GeneTests database. Although the GeneTests database is believed to be fairly complete for tests being used in clinical practice, the listing of genetic tests used for research purposes is incomplete. We limited our assessment of the impact of genetic tests on public health to criteria that were fairly objective and easy to measure: disease prevalence and use of the test for population screening. Additional Table 3 Inherited diseases with genetic tests used in clinical practice that were classified as having more public health impact: Common diseases (Ͼ1/2,000 prevalence) criteria could be considered, including disease severity, mortality, age of onset, treatment availability, efficacy, cost of diagnosis and treatment, accuracy of the test, and numerous ethical, and legal and social issues. These important criteria should be considered when new tests are being developed and approved for clinical use. We based our assessment of public health impact primarily on the number of people who could potentially be tested, and the majority of tests we evaluated were easy to classify. However, our evaluation of genetic tests for a few diseases raised some important issues. Some of the diseases we reviewed have complex gene-disease relations, and our assessment did not account for the clinical validity of the tests or testing process. Clinical validity measures how accurately the test identifies or predicts the disease or clinical condition. Identifying a genetic mutation is not sufficient to diagnose or predict disease. The expression or penetrance of gene mutations varies. Although many of the genetic tests we evaluated were for highly penetrant gene mutations that lead to unique clinical syndromes, in a few diseases such as hemochromatosis and hereditary breast cancer, no consensus exists about clinical validity in many settings.
Another important consideration is the intended use or setting for a genetic test. Some of the tests we evaluated were used for different purposes. For example, genetic testing for Bloom syndrome in symptomatic people would be considered as having less public health impact than carrier testing for this condition among people of Jewish heritage. Similarly, testing for medium chain acyl-coenzyme A dehydrogenase deficiency (MCAD) would have more public health impact when used for newborn screening than it would when used for diagnosing clinical symptoms. Another aspect of intended use is the specific gene being tested. We found instances where one genetic test could be used for multiple conditions. For example, hyper- lipidemia type III is rare, but testing is based on ApoE genotyping as is testing for late-onset familial Alzheimer disease. Determining whether a disease was rare or common was difficult for many of the diseases we evaluated. Prevalence and incidence data are limited for the majority of diseases and conditions for which genetic testing is being offered today. In many instances, we had to infer that a disease was rare on the basis of the few cases reported in the literature. Although we used a cut-off level of Ͻ1/2,000 to define a rare disease, we could have used the same definition of a rare disease as both the National Institutes of Health, Office of Rare Diseases, 12 and the National Organization of Rare Diseases. 13 They define rare as a disease that affects fewer than 200,000 people in the United States. That translates to a prevalence of approximately 1/1,350 people, given the current U.S. population. Using this lower cut-off level to define rare diseases would not have changed the results of this study.
Although the majority of rare diseases we evaluated did not have substantial public health impact by our criteria, some rare conditions are associated with unique medical, ethical, legal, and social issues. Examples include acute intermittent porphyria, which has a higher prevalence in psychiatric populations; and Huntington disease, where the test is predictive, the condition is uniformly fatal, and no treatment is available. These diseases affect a very small percentage of the population, but potential risks (including social, economic, psychological, and medical harms) associated with genetic testing warrant careful monitoring.
Pharmacogenomic tests also warrant consideration. These tests determine individual response to pharmacologic agents. Few pharmacogenomic tests are used in clinical practice today, but many are being developed. 14 Although the adverse drug reactions that are being tested for are rare, the important public health issue is how many people have the disease or condition being treated and could potentially be tested. Pharmacogenomic testing is being developed to treat common conditions such asthma 15 and to identify people at risk due to common exposures such oral contraceptives. 16 These genetic tests have the potential to affect many people.
In summary, our assessment of genetic tests offered at the end of 2000 showed that only a small percentage of genetic tests are highly relevant to public health. The majority of genetic tests are used in diagnosis and/or genetic counseling for rare, single-gene disorders in a limited number of people. Although individually inherited disorders are rare, in aggregate, they represent approximately 5% of the total disease burden in the population. 17 As more genetic tests are considered for newborn screening, and associations between genes, the environment, and common diseases are discovered, the number of people who could potentially be tested will certainly increase. The two-criteria classification scheme used in our study represents a basic and simple model for test assessment. To develop a paradigm for review and approval of new genetic tests for clinical and public health applications, critical issues such as clinical validity and utility, intended use, factors affecting disease prevalence, and genetic variations influencing individual response to medicines or environmental exposure need to be considered. In response to these and other issues, the Centers for Disease Control and Prevention has initiated activities to make information about genetic tests more available to medical professionals and the public, establish standard methods for collecting data to evaluate genetic tests, and monitor the impact of genetic testing on individuals, families, and society. 18 
